An accurate single-valued double many-body expansion potential energy surface has been obtained for the ground electronic state of the sulfur dioxide molecule (SO 2 ) by fitting novel ab initio energies suitably corrected by scaling its correlation energy. The stationary points of the new surface have been exhaustively analyzed, and the quality of the fit was appreciated from the stratified root-mean-square deviations between the points and the analytical potential.
Introduction
The sulfur dioxide molecule (SO 2 ) is an important pollutant whose role in the combustion of sulfur-containing materials 1 and atmospheric photochemistry, as well as in atmospheric dynamics, is ubiquitous. Because of its importance, this molecule has been the subject of much experimental [2] [3] [4] [5] [6] [7] [8] [9] [10] and theoretical [11] [12] [13] [14] [15] spectroscopic work, in addition to studies of its predissociation mechanism. 16, 17 It also provides an important prototype for investigating vibration-rotation interaction and the onset of classical chaos, [18] [19] [20] [21] as well as normal-to-local mode transitions and quantum stochasticity. 11, 13 A large number of ab initio investigations on the ground and excited states of sulfur dioxide have appeared in the literature. 16, [22] [23] [24] [25] [26] [27] [28] [29] [30] Although there are some analytical potential energy surfaces for the SO 2 ground state that are primarily based on spectroscopic data [31] [32] [33] [34] [35] (the most recent is that of ref 15 which appeared during the writing of this work), it seems that attempts to obtain a global potential energy surface for this system from ab initio data are scarce. Such attempts include the many-body expansion fit to CASSCF energies of Lendvay et al. 36 using a basis set of double-quality and unpublished calculations and local fits. 20, 21, 37, 38 Concerning the features of the SO 2 , it is well established 22, 26 that like O 3 the adiabatic single-valued ground-state potential energy surface of SO 2 has four minima. Despite this similarity, ozone has three equivalent C 2V minima, whereas sulfur dioxide has a global minimum that corresponds to a bent C 2V OSO structure and to two C s minima. These minima are high in energy and correspond to superoxide structures of the type SOO, all of which belong to the same ( 1 A', 1 A 1 ) surface. The fourth minimum, which is the analogue of the cyclic isomer of O 3 , corresponds to a ring structure with C 2V symmetry, where the O-O distance is smaller than the S-O distances. 22, 26 This minimum belongs to another ( 1 A', 1 A 1 ) surface that crosses the previous one. As far as we know, attempts to locate the exact locus of this crossing have not been made, and this topic is beyond the scope of the present work.
The present contribution is organized as follows. In section 2, we describe the ab initio calculations that have been carried out in the present work. The double many-body expansion (DMBE) formalism is discussed in section 3, where the details of the three-body dispersion, electrostatic, and extended Hartree-Fock (EHF) energies are reported in subsections 3.1., 3.2, and 3.3, respectively. The main topographical features of the DMBE potential energy surface are analyzed in section 4. In section 5, we present the major conclusions.
Ab Initio Calculations
The ab initio energies have been calculated at the CASPT2 39 (complete active space second-order perturbation theory) level using a FVCAS (full-valence CAS) reference wave function (FVCAS/PT2) and the aug-cc-pVTZ Dunning basis set 40, 41 These calculations were carried out using the MOLPRO 42 package. All calculations have been done using C s symmetry, and the bulk of the calculated ab initio energy points have been obtained for O-SO Jacobi coordinate geometries in the region defined by 2.506 e R SO /a 0 e 3.306, 2.0 e r O-SO /a 0 e 6.0, and 0 e γ/deg e 180. Except where mentioned otherwise, all quantitities will be reported in atomic units: E h ) 4.359748 aJ, a 0 ) 5.29177 × 10 -11 m. In addition, some extra points have been calculated in the vicinity of the local minima and for selected S-O 2 geometries. Because of convergence problems near the crossing points of the two 1 A' surfaces and the expected loss of quality of the CASPT2 method in such crossing regions, 39 some of the calculated points were not very accurate; hence, they were discarded. Therefore, from the initial ca. 650 geometries scanned, we have retained 587 ab initio points to use in the fit. The potential energy curves of SO and O 2 have also been studied at the same level of theory (73 points in all).
The ab initio energies have been scaled using the double many-body expansion-scaled external correlation (DMBE-SEC) method, 43 which is expected to provide an accurate semiempirical correction to the dynamical correlation calculated using MRCI or CASPT2 methods. The total interaction energy in the DMBE-SEC method is written as 43 where the FVCAS and DMBE-SEC components are defined as follows:
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The summations extend as usual to all diatomic i ≡ AB fragments. Moreover, R represents the set of all internuclear distances that define the molecular configuration space: (2) , and R 3 ) R OO , (see Figure 1 ). In turn, the DMBE-SEC energies assume the following forms:
The scaling parameters F i (2) and F (3) have been chosen from the requirement that the corrected ab initio diatomic curves reproduce the experimental dissociation energies [44] [45] [46] and from the condition that the entire DMBE-SEC surface reproduces the well depth of the triatomic as taken from the experimental value reviewed elsewhere, 28 respectively. The calculated scaling parameters are F SO (2) ) 0.7654, F O 2 (2) ) 0.8436, and F SO 2 (3) ) 1.331. Figure 2 shows the calculated and scaled energies for the diatomic fragments, in addition to the fitted analytical EHFACE2U 44 (extended Hartree-Fock approximate correlation energy including the united-atom limit of the diatomic) potential curves that will be discussed in the following section.
DMBE Potential Energy Surface
According to the DMBE 47,48 method, the potential energy surface for SO 2 assumes the form
, and V elec (3) represent the two-body energy terms, the three-body extended Hartree-Fock (EHF) energy, the three-body dynamical correlation energy, and the three-body electrostatic energy, respectively. To model the two-body energy curves, we have employed EHFACE2U 44 The first summation includes all atom-diatom interactions (i ≡ A -BC). R i is the diatomic internuclear distance, r i is the separation between atom A and a certain point located in the BC diatomic internuclear coordinate, and γ i is the angle between these two vectors (see Figure 1 ). In turn, C n (i) (R i , γ i ) represent the atom-diatom long-range dispersion coefficients 51 that will be defined later, n (r i ) is a dispersion damping function, 52 ) 0.60 a 0 -1 ; and η ) 3. As discussed elsewhere 46,50 an overestimation of the dynamical correlation due to eq 7 must be corrected by multiplying the two-body dynamical correlation energy terms for the ith pair by f i (R), which has also been considered in the present work. It should be stressed that the choice of the point where the coordinates r i and R i are in contact is necessary for the definition of the coordinate transformations (R 1 , R 2 , R 3 ) T (R i , r i , γ i ). In the present work, we have chosen such a point to be the center of mass of the diatomic species (Jacobi coordinates). Of course, such a definition introduces the parameter A i , which has values numerically identical to the those of the nuclei masses. These parameters will remain invariant for all isotopomers of SO 2 because the potential energy surface must be mass-independent in the Born-Oppenheimer sense. To further simplify the 
coordinate transformations, we introduce the following approximations:
These equations generalize previously reported 47 expressions that have been developed for interactions involving the center of geometry of the diatomic molecule. The atom-diatom dispersion coefficients C n (i) (R i , γ i ) of eq 7 are given by where P L (cos γ i ) are Legendre polynomials: L ) 0, 2, ..., n -4 (n ) 6, 8, .., ∞) and L ) 1, 3, ..., n -4 (n ) 7, 9, .., ∞). Following previous work, 53 the radial dependence of the dispersion coefficients has been fitted to the expression where r ) R -R M , b 1 ) a 1 , and R M is the internuclear distance at the maximum occurring close to the equilibrium geometry of the diatomic. The internuclear dependence of these coefficients has been calculated using a model reported elsewhere. 53 Moreover, the odd-n coefficients have not been considered; in fact, we have taken into account only the dispersion coefficients that are expected to contribute appreciably to the potential, namely, those whose parameters are presented in Table 2 and displayed graphically in Figure 3 . In addition to the polarizability data 53 of the diatomics SO and O 2 needed to model such coefficients, it was necessary to calculate the dipolar polarizability of the SO united atom, which is the chromium atom in the excited 3 P state. Using Bauschlicher ANO basis sets, 54, 55 we have calculated the dipolar polarizability of the SO united atom at the MRCI level using MOLPRO 42 after obtaining R 0 ) 105.5 a 0 3 and R 2 ) 23.4 a 0 3 . For use in the following section, we also note that the permanent electric quadrupole moment for this excited atom at the same level of theory has been found to be
Electrostatic Energy.
The major long-range electrostatic potential terms of the SO 2 system have their origin in the interaction of the quadrupole moment of the oxygen atom with the dipole and quadrupole moments of SO, in addition to the interaction of the sulfur atom quadrupole with the O 2 quadrupole. Similar to its treatment in eq 7, the electrostatic energy of the SO 2 molecule can be approximated by where i, f i (R), R i , r i , and γ i have the same meaning as before, θ a,i is the angle that defines the atomic quadrupole orientation, and φ ab,i is the corresponding dihedral angle. The coefficients C 4 -(R i , r i ) and C 5 (R i , r i ), say for the ith channel A-BC, are given by 
For convenience, these equations include the damping functions. 63 for SO, we have used our own FVCAS/ PT2 values calculated with the same basis set as employed for the ab initio calculations described above. These quadrupole values have been calculated as a function of the internuclear distance for the center-of-mass of the diatomic molecules and have been fitted to the following model: 61 r ) R -R ref with R ref being a reference distance corresponding to the maximum in the Q(R) curve close to the equilibrium diatomic geometry. Q ∞ is the value of the separated-atoms quadrupole limit. The parameters so obtained are numerically defined in Table 3 , while a graphical view of the fitted model functions can be seen in 
The rootmean-square deviation (rmsd) of the fit is 0.0137e a 0 .
3.3. Three-Body EHF Energy. For each of the calculated DMBE-SEC energy points, we have calculated the three-body EHF energy by subtracting the two-body energies, the longrange three-body dispersion, and the electrostatic energies. The values so obtained have then been fitted using our previously reported distributed n-body polynomial 46 approach. Specifically, we have used the form where 
D(R)
is a sixth-order polynomial in symmetry coordinates and P -(R 1 , R 2 , R 3 ) is a similar fifth-order polynomial with coefficients c 51 to c 84 (up to the term S 2b 2 S 3   3 ). The symmetry coordinates that have been used are defined by 47, 64 and by S 2a
, and S 3 3 ) Q 3 3 -3Q 2 2 Q 3 . The complete set of parameters is constituted by 84 c i linear coefficients, 4 γ i R, nonlinear coefficients, and 4 reference
These coefficients have all been obtained by fitting the selected 587 DMBE-SEC points (Ab Initio Calculations section). To impose the correct long-range behavior, we have also included in the fitting procedure 855 data points generated for r {O-SO} > 7.0 a 0 using the sum of the two-body curves plus the dispersion and electrostatic energies. In addition, to guide the fit at short distances, we have added an extra 32 points obtained for R AB < 1 a 0 using only the sum of the diatomic potentials. The total number of fitted points are 1474, and the weights used for the fitting process were w ) 1 for points with E/E h g 0, w ) 10 4 for 21 points near the three minima, and w ) 10 2 for all other points. The final potential energy surface has been obtained by performing a linear leastsquares fits of the c i linear coefficients for fixed values of the nonlinear γ i R, and R i,ref R, coefficients. These coefficients have been optimized through a trial-and-error procedure on the condition that the final solution should lead to a potential function with no apparent spurious features. The final numerical coefficients of the three-body extended Hartree-Fock energy (eq 20) are given in Table 4 . Table 5 shows the stratified rmsd of the final DMBE potential energy surface with respect to the fitted points. The data in this Table show that the final potential energy surface fits more than 1000 points covering an energy range of 200 kcal mol -1 , with an accuracy of ca. 2 kcal mol -1 . Note that this range of energies encompasses all the relevant features of the SO 2 potential energy surface, including the energies of the ring and superoxide isomers and the S + O 2 and O + SO dissociation asymptotes. Table 6 reports an exhaustive list of the stationary points of the DMBE potential energy function for the title system. Such stationary points have been obtained using 2 × 10 4 random starting positions in our own implementation of a NewtonRaphson method working in projected Cartesian coordinates, by which we have also calculated the harmonic frequencies at each stationary point. As can be seen from Table 6 , our singlevalued potential energy surface presents a wealth of minima and saddle points, most of which were predicted from the ab initio data. Obviously, very few of these points can be predicted from a potential energy surface fitted only to spectroscopic data. The properties of the global minimum(i.e., the open isomer SO 2 ), namely, the geometries, energies, 28 and harmonic frequencies, 4, 6 are well-known experimentally. It is interesting to note that the present potential energy surface, generated from average-quality ab initio data and scaled using the DMBE-SEC 43 method, reproduces such attributes reasonably well. Also, the ring (r -SO 2 ) and superoxide (SOO) isomers have been studied by ab initio methods, 22, 26 with the latter having been observed in matrix lattices. 65 Agreement with the ab initio results of Kellog et al. 26 as well as with the observed frequencies in matrix support 65 is fair. We have also found two van der Waals minima, S‚‚‚O 2 and SO‚‚‚O, that lie 8.6 and 13.9 kcal mol -1 , respectively, below the corresponding dissociation asymptotes. All of the major features of the potential energy surface can be seen in Figures  5 and 6 , which represent an oxygen atom moving around a Figure 5 are the SO 2 , r -SO 2 , and SOO minima, as well as the saddlepoints that connect them. Some of these attributes are also visible in Figure 6 , namely, r -SO 2 , SOO isomers, and the saddle point connecting them. Another feature is the absence of a barrier for S approaching O 2 , at least for favorable atom-diatom orientations as expected from low-temperature kinetics measurements. 66,67 (For clarity, the energy corresponding to separated S + O 2 reactants is indicated by the dotted contour.)
Features of the Potential Energy Surface
The minimum-energy paths (in the steepest-descent sense) that connect the saddle points and minima of the potential are shown in Figure 7 . As usual, the asymptotic paths have been calculated starting with an atom that is far away from the diatomic. For S + O 2 , all angles where the potential is attractive lead to the TS1 saddle point. Conversely, for O + SO, two possibilities can occur: for angles where the oxygen atom attacks the sulfur atom, the path leads to the global minimum; when the oxygen atom moves toward the other oxygen atom, O + SO evolves to SO‚‚‚O. The other minima and saddle points are also shown in Figure 7 , except for the saddle point TS6 that occurs in linear (D ∞h ) geometries.
Conclusions
We have reported a single-valued DMBE potential energy surface for the ground electronic state of the sulfur dioxide molecule by fitting ab initio energies suitably corrected by a scaled correlation energy. An analysis of the stratified rmsd suggests that it is accurate over a range of more than 200 kcal mol -1 . Of course, given the single-valued nature of the DMBE formalism employed here, topological details such as crossing seams could not have been modeled. Despite such a limitation, the DMBE potential energy surface reported in the present work should be reliable enough to allow study of the dynamics of the reaction S + O 2 f SO + O, at least over energy ranges where the above-mentioned topological features are unimportant.
